Bacterial blight of rice caused by Xanthomonas oryzae pv. oryzae (Xoo) is one of high nitrogen (N) responsive diseases. Rice plants became more disease resistant with decreasing N suggesting that the crosstalk between disease resistance and N utilization pathways might exist. However, the co-regulatory components in such crosstalk have not been elucidated. Here, we comparatively analyzed the gene expression profiling of rice under Xoo inoculation, low N treatment, or a combination of both stresses, and identified the differentially-expressed genes (DEGs) in overlapping responses. These DEGs were involved in different biological processes, including innate immunity and nitrogen metabolism. The randomly-selected DEGs expression was validated by quantitative real-time PCR assays. Temporal expression of six genes from different functional categories suggested that N condition was the dominant factor when both stresses were present. These DEGs identified provide novel insights into the coordinated regulatory mechanism in biotic and abiotic stress responses in rice.
es of rice. The rice-Xoo interaction has been studied as a model system to understand the molecular mechanisms of disease resistance responses in monocotyledonous plants (Song et al. 1995; Ronald 1997; Martin et al. 2003) . Several proteins were identified to play important roles in rice defense responses include the pathogenesis-related proteins (PRs), WRKY transcription factors (WRKY TFs), Xa21, MYC2, and AP2 (Song et al. 1995; Pieterse et al. 2009; Verhage et al. 2010) . Overexpression of OsWRKY71 in rice increased resistance to Xoo, and also induced expressions of OsNPR1 and OsPR1b, genes associated with the defense signaling pathway (Liu et al. 2007) . In combination, microarray and transcriptome profile analyses have shown that hundreds of genes involved in calcium and lipid signaling,
Introduction
Bacterial blight (BB) of rice caused by Xanthomonas oryzae pv. oryzae (Xoo) is one of the most serious bacterial diseas-MAPK cascade, hormonal signaling, cell wall, the primary and secondary metabolisms were induced or repressed after Xoo infection, implying the disease response in rice cells is very complex (Grewal et al. 2012; Narsai et al. 2013) .
Nitrogen is an essential mineral nutrient for normal plant growth and development and to ensure the completion of life cycles (Chiou 2007) . Addition of N fertilizers to modern cropping systems increased yields dramatically (Tilman et al. 2002) . However, excessive N fertilizer usage has led to a series of environmental problems including water eutrophication, soil acidification, greenhouse gas emissions and air pollution (Tilman et al. 2002; Ju et al. 2009; Guo et al. 2010) . Improving nitrogen use efficiency (NUE) in crops could help to reduce these problems. Four key enzymes involved in N metabolism, including nitrite reductase (NiR), nitrate reductase (NR), glutamine synthetase (GS) and glutamate synthase (GOGAT), and some nitrate transporters were studied (Crawford and Forde 2002; Miller et al. 2007; Tsay et al. 2007 ). For example, over-expression of GS in rice enhanced N harvest index (spikelet N content/shoot N content) and utilization NUE (Brauer et al. 2011) . The Arabidopsis mutant defective of the NR gene NIA2 was not able to use nitrate as the sole nitrogen source (Wang et al. 2004) . In addition to its role as a nutrient, N can act as a signal to regulate global gene expression in plants. Some specific interacting genes that respond to N treatment were identified, but very little is known about the molecular basis of N sensing and signaling, and how the transcriptomic changes result in developmental responses (Wang et al. 2003 (Wang et al. , 2004 Palenchar et al. 2004; Gutierrez et al. 2007; Vidal et al. 2010) .
Many reports have recently shown the relationship of nitrogen availability and resistance of plants to pathogens, but the results are so far inconsistent. Effects were influenced by the type of pathogen (Hoffland et al. 2000) , susceptibility and resistance of host cultivars (Long et al. 2000) , and rate and timing of nitrogen application (Carballo et al. 1994) . For example, increasing nitrogen concentrations increased susceptibility of tomato plants to Pseudomonas syringae pv. tomato (Pst) and Oidium lycopersicum, but had no effect on susceptibility to Fusarium oxysporum f. sp. lycopersici, and decreased susceptibility to Botrytis cinerea (Hoffland et al. 1999 (Hoffland et al. , 2000 . Fungal blast disease of rice becomes more severe with increasing N application (Mukherjee et al. 2005) . Additionally, inoculation with the fungal blast pathogen Pyricularia oryzae increased the tissue nitrogen concentration and the total nitrogen content in rice, but the reason was unclear (Katsantonis et al. 2008) . To better understand the relationship between nitrogen availability and resistance of plants to pathogens, individual genes involved in nitrogen and pathogen responses were identified and studied. The expression of cytosolic glutamine synthetase (GS1) and glutamate dehydrogenase (GDH), which are involved in nitrogen mobilization, increased during viral, bacterial and fungal infections (Pageau et al. 2006) . These results indicated that there are common factors involved in plant responses to nitrogen mobilization and pathogen infection.
BB has been long known as a high nitrogen (N) responsive disease, i.e., the more N applied, the more disease development (Eveland et al. 2010; Hao et al. 2011) . The observation that rice plants became more resistant to BB with decreasing nitrogen suggests that the crosstalk between BB resistance and N use pathways might exist in rice. Although rice genes induced in response to Xoo infection or nitrogen stress have been previously studied (Song et al. 1995; Bi et al. 2009; Narsai et al. 2013) , the common regulatory components in the crosstalk of rice have not been reported. Therefore, digital gene expression (DGE) based on Solexa/Illumina sequencing was applied to identify regulatory mechanisms of crosstalk between Xoo infection and N deficiency in rice. We identified 248 differentially-expressed genes (DEGs) responding to both treatments in this study, including genes associated with innate immunity, nitrogen metabolism, oxidation-reduction reactions, protein phosphorylation, and signaling pathways.
Results

Biological evidence for correlation between bacterial blight disease resistance and nitrogen stress in rice
BB is a well-known bacterial disease of rice closely related to excessive nitrogen fertilizer. However, it is unclear whether rice shows enhanced resistance to Xoo infection at N deficiency condition. To test the hypothesis, firstly we validated the appropriate nitrogen-deficiency condition. Shoot biomasses of three-week-old Arabidopsis growing at different N supply conditions ranging from 0.1 to 10 mmol L -1 have been tested previously (Bi et al. 2007) . The result showed that the biomass peaked at 3 mmol L -1 nitrate supply, while reduced to only 35% at 0.3 mmol L -1 nitrate supply (Bi et al. 2007) . Therefore, we chose to test the rice growth in hydroponic system containing 3 or 0.3 mmol L -1 KNO 3 . Compared with normal N supply of 3 mmol L -1 KNO 3 , N deficiency supply of 0.3 mmmol L -1 KNO 3 reduced the total biomass to 49.96% in fresh weight and 42.46% in dry weight, and increased the root to shoot ratio (Appendixes A and B). The reduction ratio of biomass accumulation is comparable to that of previous reports in maize (Schluter et al. 2012) . This result indicated that 0.3 mmol L -1 KNO 3 is an appropriate concentration as N deficiency condition for rice. Next, we measured the lesion lengths caused by Xoo on rice grown under different N conditions. Rice plants grown in N deficiency condition displayed weaker disease symptom (Fig. 1-A) and much shorter lesion length ( Fig. 1-B ) than those in normal N supply condition. Bacterial numbers in the rice leaves grown in N deficiency condition also decreased significantly ( Fig. 1-C) . These results implied that N deficiency led to increased disease resistance in susceptible rice.
DGE sequencing in rice leaves during Xoo infection and N deficiency conditions
To identify DEGs responding to Xoo infection and N deficiency individually and in combination, RNA from rice leaf samples from four treatments (distilled water/normal N (HN), Xoo/normal N (XN), distilled water/N deficiency (HL), Xoo/N deficiency (XL)) were used to prepare four cDNA libraries for RNA-seq analysis. 30 765 912, 26 971 618, 30 710 291 and 32 697 016 clean reads remained for the HN, XN, HL and XL libraries, respectively, indicating the sequencing depth was sufficient for the transcriptome coverage in rice ( Table 1) .
The clean reads in four libraries were mapped to the reference genome of rice using Bowtie software and allowing a 2-bp mismatch (Table 1 ). The GC contents were approximately 51%. Over 80% clean tags per library were mapped to the reference database and Q20 percentages (sequencing error rate lower than 1%) were all over 98%, showing the DGE data was reliable and sufficient for subsequent bioinformatics analysis of gene expression.
The raw sequencing data obtained in this work have been deposited in NCBI's Sequence Read Archive (SRA) and are accessible through SRA Series accession number PR-JNA238154, and the accession number of HN, XN, HL and XL libraries are SRR1169138, SRR1169234, SRR1169154 3) GC (%), percent of GC content. 4) Q20 (%), sequencing error rate lower than 1%. and SRR1169180, respectively (http://www.ncbi.nlm.nih. gov/bioproject/?term=PRJNA238154).
Analysis of DEGs during Xoo infection and N deficiency conditions
Comparisons of three sets of transcriptome profiles (XN vs. HN (Xoo stress), HL vs. HN (N deficiency stress) and XL vs. HN (the combined stresses)) were performed (Appendix C). By comparing XN with HN libraries, 2 184 DEGs responding to Xoo infection were identified, including 946 up-regulated genes and 1 238 down-regulated genes. Comparison of HL with HN libraries revealed 2 025 DEGs responding to N deficiency, including 1 156 up-regulated and 869 down-regulated genes. In addition, we detected DEGs that responded to the combined treatments by comparing XL with HN libraries. In this case, 2 304 DEGs were obtained, with 1 213 up-regulated and 1 091 down-regulated genes. The results indicated that more DEGs in rice were observed in responses to the combined stresses than each of individual stress.
In addition, there were 1 380, 1 004 and 1 113 DEGs that only responded to Xoo infection, N deficiency and the combined treatments, respectively (Fig. 2) .
To validate the reliability of RNA-Seq data, quantitative real-time PCR (qRT-PCR) analysis of expression of 40 DGEs in total (20 Xoo-responded and 20 low N stress-responded) was performed. All expression patterns assayed by qRT-PCR were very similar to those shown by DGE analyses, although slight changes in expression folds were found, suggesting the DGE data were mostly reliable (Fig. 3) .
Identification of overlapping DEGs under different stress conditions
To reveal the co-regulatory components in overlapping responses to Xoo infection and N deficiency, 248 DGEs commonly responding to all of three treatments (Xoo infection, N deficiency and both) were identified. Among them, 122 DEGs were up-regulated and 87 DEGs were down-regulated. Moreover, 7 DEGs were observed to be up-regulated by Xoo infection, but down-regulated after N deficiency or the combined treatments. In contrast, 32 DEGs were found to be down-regulated by Xoo infection, but up-regulated after N deficiency or the combined treatments (Fig. 2) .
In addition, 193 DEGs overlapped Xoo infection and N deficiency, 363 DEGs responding to Xoo infection and the combined treatments, and 580 DEGs responsive to N deficiency and the combined treatments were also identified respectively (Fig. 2) .
Functional classification of overlapping DEGs
Using gene ontology (GO) classifications, 248 overlapping DEGs that responded to three treatments were categorized into different functional groups of biological process, cellular component and molecular function (Fig. 4) . In the biological process category, cellular process and metabolic process were the most dominant groups, followed by response to stimulus and primary metabolic process. Additionally, there were many DEGs involved in developmental process, secondary metabolic processes, and signaling. Regarding the cellular components, cell part was the largest group, followed by intracellular and organelles. Catalytic activity was the largest group in the molecular function, followed by binding. Some DEGs associated with transporter activity and receptor activity also were enriched in molecular function.
To further understand their biological functions, we used Mapman to visualize and classify the 248 DEGs into different functional categories, including PRs, WRKY TFs, N metabolism, oxidoreductase, the secondary metabolism, signaling, kinase, transporter, protein modification and degradation, cytochrome p450, cell wall and those with unknown functions (Fig. 5 , Appendixes D-F).
There were 17 PR genes with varied expression patterns during Xoo infection and N deficiency. Among these genes, LOC_Os01g51570 encoding β-1,3-glucanase, LOC_Os01g51270 encoding disease resistance protein, and LOC_Os01g51550 and LOC_Os07g48050 encoding peroxidase, were induced during Xoo infection and N deficiency, or the combined treatments. LOC_Os12g36830 and LOC_Os12g36850, encoding pathogenesis-related Bet v I family protein, were repressed by Xoo infection, but induced by N deficiency, or the combined treatments. LOC_ Os01g19020, encoding peroxidase precursor, was induced by Xoo infection, but repressed under N deficiency, or the combined treatments. Other PR genes were repressed by Xoo infection and N deficiency, or the combined treatments (Fig. 5, Appendix F) .
Ten OsWRKY TFs genes were identified, including OsWRKY6, OsWRKY32, OsWRKY40, OsWRKY43, OsWRKY50, OsWRKY64, OsWRKY65, OsWRKY71, WRKY76, and OsWRKY108. Most of the OsWRKY TFs genes were induced during Xoo infection and N deficiency, or the combined treatments (Fig. 5, Appendix F) . Interestingly, NiR (LOC_Os01g25520) and GOGAT (LOC_Os05g48200) genes, encoding two key enzymes involved in N metabolism were identified. And they were repressed at Xoo infection and N deficiency (Fig. 5 , Appendixes D and F).
Temporal expression patterns of genes from various functional categories
In the above analyses, we have identified genes which are potentially involved in the co-regulatory pathway responding to both Xoo infection and N deficiency stresses. To further understand the roles of they might play in disease response and N metabolism, six genes (LOC_Os12g36830 encoding a PR protein, LOC_Os03g17790 encoding a low temperature-and salt-responsive protein, LOC_Os01g01660 encoding isoflavonoid reductase, LOC_Os02g48770 encoding S-adenosyl-l-methionine, LOC_Os12g02450 encoding OsWRKY64, and LOC_Os01g51540 encoding cytidine/deoxycytidine deaminase) from different functional categories were chosen for time-course expression pattern analysis by qRT-PCR. DGE analysis showed that expressions of LOC_Os12g36830, LOC_Os03g17790, and LOC_Os01g01660 were down-regulated by Xoo infection (Appendix F). qRT-PCR assays indicated the similar repression of these genes during the 24 h after Xoo treatment (Fig. 6-A) . For example, almost 4-fold reduction of expression of LOC_Os01g01660 were observed. Interestingly, expression of LOC_Os12g36830, LOC_Os03g17790, and LOC_Os01g01660 were up-regulated under both N deficiency only and the combined treatment conditions (Fig. 6-B) . Moreover, expressions of LOC_Os02g48770, LOC_Os12g02450, and LOC_Os01g51540 were not only induced during Xoo infection (Fig. 6-A) , but also under the both stresses (Fig. 6-B) . Therefore, the results suggested that N stress might be the dominant factor to influence gene expression when both stresses are present.
Discussion
Although the gene transcription analysis of rice responsive to individual stress such as pathogen infection or abiotic stress has been previously shown (Song et al. 1995; Bi et al. 2009; Narsai et al. 2013) , our current work firstly identified the overlapping DEGs of rice responding to the Xoo infection and N deficiency stresses using DGE profiling and qRT-PCR technology. These genes were involved in many different biological processes in rice, such as innate immunity, nitrogen metabolism, oxidation-reduction, protein phosphorylation, signaling, etc. These genes included those with known functions, like PR proteins, WRKY TFs, nitrogen metabolism enzymes, oxidoreductase, kinase, and cytochrome P450, and those with unknown functions, etc. Identification of the co-regulated genes provides novel insights into the coordinated regulatory mechanisms of the crosstalk between Xoo infection and N deficiency in rice. Pathogenesis-related proteins (PRs) have been shown to play a crucial role in the defense response to biotic (pathogen) and abiotic (cold and drought) stresses (Sels et al. 2008; Liu et al. 2010; Roy Choudhury et al. 2010) . For example, overexpression of BjNPR1 enhanced resistance to blast, sheath blight and bacterial blight disease of rice (Sadumpati et al. 2013) . The varied expression patterns of 17 PR genes during Xoo infection and N deficiency were revealed (Appendix F). Among them, expression of LOC_Os12g36830 was repressed after Xoo inoculation, while induced at N deficiency condition (Fig. 6) , implicating this gene's potential role in enhancing disease resistance and increasing NUE in rice.
WRKY TFs are a large family of plant-specific genes that participate in diverse physiological processes and plant defense responses (Chujo et al. 2013; Lan et al. 2013) . A total of 109 WRKY TFs were identified in rice, and most of them responded to pathogen attack (Qiu et al. 2008) . OsWRKY77 is a positive regulator of basal resistance to Pst DC3000. Overexpression of OsWRKY77 in transgenic Arabidopsis repressed growth of Pst and induced expression of defense-related PR1, PR2 and PR5 genes (Lan et al. 2013) . Expression of both OsWRKY62 and OsWRKY71 were up-regulated by Xoo inoculation, and overexpression of OsWRKY71 resulted in enhanced resistance, while overexpression of OsWRKY62 led to compromised resistance in rice (Liu et al. 2007; Peng et al. 2008) . In addition, it was previously reported that OsWRKY11 showed the enhanced tolerance to heat and drought and OsWRKY72 is related to the abscisic acid (ABA) signaling pathway (Wu et al. 2009; Song et al. 2010) . Our results showed that most of the OsWRKY TFs genes were induced during Xoo infection and N deficiency, or the combined treatments (Appendix F). Importantly, OsWRKY64 was induced during 24 h after Xoo infection at either normal N or N deficiency conditions (Fig. 6 ). These observations indicated that WRKY TFs identified in this study might be the candidate genes possessing regulatory functions in pathogen resistance and N metabolism in rice.
N metabolism is a complex biochemical process, which includes N uptake, assimilation and remobilization (Kant et al. 2011) . NR, NiR, GS and GOGAT are four key enzymes in N metabolism. Over-expression of GS in rice increased N harvest index (spikelet N content/shoot N content) and NUE (Brauer et al. 2011) , and also enhanced soluble protein concentrations in leaves, as well as total amino acid and total nitrogen content in the whole plant (Cai et al. 2009 ). The effects of suppression of GOGAT in rice have been detected, and the result showed the contents of nitrate, several kinds of free amino acid, chlorophyll, sugar, tiller number, total shoot dry weight, and yield of GOGAT co-suppressed plants were significantly decreased (Lu et al. 2011) . Previous studies showed the shoot biomass and nitrate levels of leaves were dramatically decreased at the N-limited condition (Bi et al. 2007 (Bi et al. , 2009 , which is consistent with our results. The expression of NiR and GOGAT genes were repressed at Xoo infection and N deficiency (Appendix F). These findings suggested that N metabolism was influenced by both Xoo attack and N limited condition.
Secondary metabolites not only increase tolerance to biotic or abiotic stress in plant, but also are necessary for normal growth and development. In this study, 12 genes related to secondary metabolism were identified. LOC_Os01g01660, encoding isoflavonoid reductase, was repressed at normal N condition, while induced at N deficiency condition during 24 h after Xoo inoculation (Fig. 6 and Appendix F). Isoflavonoid reductase is the rate-limiting enzyme in the biosynthesis pathway of flavonoids, which are induced by ultraviolet-B, wounding, abscisic acid and salicylic acid in plant leaves (Cheng et al. 2013 ). In addition, it is induced by rice blast fungal elicitor (Kim et al. 2003) . These observations revealed that isoflavonoid and flavonoid might be associated with defense response to Xoo infection and in response to N deprivation in rice.
Plants have a complex signaling network in response to biotic and abiotic stimulates. In this study, 15 genes related to signaling pathways were identified, six of which were associated with hormonal pathways. One gene (LOC_ Os08g39850) encoding lipoxygenase, which is associated with JA synthesis, was repressed at Xoo infection. One S-adenosyl-l-methionine (SAM) gene (LOC_Os02g48770) involved in the SA signaling pathway was induced by Xoo infection (Fig. 6 ). These six genes were induced under N deficiency and the combined treatments (Appendix F). SA was accelerated synthesis by infection of pathogen, and enhanced the induction of defense gene transcripts, H 2 O 2 accumulation and hypersensitive cell death in plant (Gaffney et al. 1993; Shirasu et al. 1997) , while JA was exhibited antagonizes SA-mediated resistance in some case (de Vleesschauwer et al. 2013) . Our data showed DEGs associated with SA and JA signaling pathways have opposite expression patterns, in consistence with previous results. In addition, plant hormones interact in complex network to balance immune responses and fitness costs, while the molecular mechanisms are largely unknown (Denance et al. 2013) . In this study, some DEGs involving in hormonal signaling were up-regulated at N deficiency and the combined treatments, suggested these genes play the role in enhancing NUE at N deficiency condition and increasing disease resistance to Xoo infection.
A large number of DEGs did not belong to the above functional categories (Fig. 5) . However, they might also play important roles in response to Xoo infection and N deficiency in rice. Example is LOC_Os03g17790 (low temperatureand salt-responsive protein), which was down-regulated at normal N condition, while up-regulated at N deficiency condition during 24 h after Xoo infection (Fig. 6) . Previous studies showed molecular mechanisms of plant response to different biotic and abiotic stresses (Khraiwesh et al. 2012) . These results suggested that the overlapping DEGs identified might be involved in responses to multiple abiotic stresses, such as low temperature, salt and light.
Our current work provided some of candidate genes, which putatively function as the co-regulatory components in mediating rice responses to the pathogen and low N stresses. One can speculate that overexpression or silencing of some of co-regulatory components in rice results in enhances disease resistance and N use efficiency in rice. Functional characterization of these co-regulated genes via the transgenic approaches will be further required to test the above hypothesis.
Conclusion
Two hundred and forty-eight DEGs of rice were first identified in overlapping responses to Xoo infection and N deficiency. These co-regulated genes were involved in many different biological processes, which included those with known functions, such as PR proteins, WRKY TFs, nitrogen metabolism enzymes, etc., and those with unknown functions. Temporal expression patterns of six selected genes with various functions assayed by qRT-PCR indicated that N condition might be the dominant factor in regulating gene expression when both stresses were present. Our current work provided the candidate genes for further functional characterization in regulation of both bacterial blight disease resistance responses and NUE in rice.
Materials and methods
Plant materials and stress treatments
Rice seeds (Oryza sativa L. cv. Nipponbare) were germinated for 2 d in water at 37°C. Individual germinated seeds were planted in small pots containing rockwool and covered with vermiculite, the pots were placed in a tray to grow for one more day, and then transferred to a hydroponics tank that contained 30 L Hogland's solution, which was a mixture of 10 mmol KNO 3 was used as normal nitrate concentration, while 0.3 mmol L -1 KNO 3 was taken as low nitrogen stress condition. The pH of the nutrient solution was adjusted to 5.5-6 using 50% phosphoric acid. The growth condition was 16 h light at 29°C and 8 h of dark at 23°C. One-month-old plants grown in two different nitrate conditions were harvested, then shoots and roots were dried at 80°C for 3 d, and fresh and dry weights were measured, respectively. As biotic stress treatments, Xoo strain PXO99
A (Hopkins et al. 1992) , which is a virulent strain to Nipponbare, was grown for 72 h at 28°C in M210 media (Yang et al. 2012) . The cells were collected by centrifugation and resuspended in ddH 2 O at an OD 600 of 0.8. One-mon-old seedlings were inoculated with Xoo by leaf-clipping method (Chen et al. 2002) and ddH 2 O was used as a negative control. For RNA extraction, rice leaves were collected at 0, 6, 12 and 24 h after inoculation, respectively, frozen in liquid nitrogen, and stored at -80°C. Disease phenotypes were recorded, and bacteria were enumerated 14 d after inoculation. The experiment was repeated for at least three times.
Solexa/Illumina sequencing
Total RNA was extracted from rice leaves in four treatments (Xoo/normal N (XN), distilled water/normal N (HN), Xoo/N deficiency (XL), distilled water/N deficiency (HL)) using Trizol reagent (Invitrogen, USA). Rice grown at different N conditions were inoculated with Xoo or distilled water for 12 h before they were collected for RNA extraction. Samples for Solexa/Illumina sequencing were prepared according to the manufacturer's instruction. In brief, mRNA were isolated and enriched from 6 μg total RNA by using the oligo(dT) magnetic beads, then oligo(dT) was used as a primer to synthesize the first-and second-strand cDNA. cDNA was digested with restriction enzyme NlaIII, which recognized the CATG sites, and 5´ ends of cDNA fragments were ligated with the adapter 1 through the sticky CATG site. Then cDNA fragments were digested with Mme I, which cut at 17 bp downstream of CATG site, producing tags with adaptor 1. After removing the magnetic beads, Illumina adaptor 2 was ligated to 3´ ends of cDNA fragments, a tag library was formed by different adaptors of both ends of fragments.
At last, the library fragments were amplified by PCR and purified, and then sequenced via Illumina HiSeq TM 2000 (SinoGenoMax, China).
Analysis of sequencing data
Raw data from Solexa/Illumina sequencing were cleaned by removing the low quality tags, and then all clean tags were mapped to reference sequences using bowtie software and allowing 2-bp mismatch. The number of clean tags for each gene was calculated and then normalized to reads per kilobase of exon model per million mapped reads (FPKM). The TopHat and Cufflinks softwares were used to identify differentially expressed genes between two samples (Trapnell et al. 2009; Roberts et al. 2011) , and the threshold with a P≤0.05 and the absolute value of log 2 Ratio≥1 were used to judge the significance of gene expression difference.
GO analyses were applied to describe product characteristics and reaction network of DEGs. All DEGs were mapped to GO terms in the database (http://www.geneontology.org/).
The MapMan software was used to visualize the expression level changes of individual genes in diagrams of metabolic pathways. As previously described (Thimm et al. 2004 ), a gene map for Oryza sativa was developed and uploaded to MapMan, and the DEGs were showed in the MapMan experimental file.
qRT-PCR analysis
Total RNA was extracted from rice leaves with TRIzol reagent (Invitrogen) and treated with DNase. The first strand cDNA fragment was synthesized using Superscript III reverse transcriptase (Invitrogen). The specific primers of genes were designed with the software Primer Premier 5.0 (PREMIER Biosoft Int., USA). The primers used in this study were shown in the Appendix G. Rice actin gene was selected as a reference gene in qRT-PCR. Analysis of qRT-PCR were carried out using SYBR Green detection reagents (Quanta Biosciences, USA) in Applied Biosystem's 7500 Sequence Detection System (Applied Biosystems, USA), and the 20 μL PCR reaction contained about 100 ng of cDNA. The reaction mixture was incubated at 95°C for 3 min, and then 40 cycles of 95°C for 10 s, 60°C for 30 s, followed by a disassociation stage. All samples were performed in three biological replicates and triplicate PCR. The relative expression ratio was calculated using 2 -∆∆Ct method (Schmittgen and Livak 2008) .
